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Polyhydroxyalkanoates (PHAs) are biodegradable polymers which are considered 
as an effective alternative for conventional plastics due to their mechanical properties 
similar to the latter. However, widespread use of these polymers is still hampered due to 
their high cost of production. This shortcoming could partly be resolved by obtaining 
high yields and productivity. In the present study, a drain-and-fill strategy of repeat-
ed-batch cultivation was adopted for the enhanced production of polyhydroxybutyrate 
PHB using Azohydromonas australica. In this strategy, 20 % (v/v) of the culture broth 
was removed from the reactor and supplemented with an equal volume of fresh medium. 
This strategy demonstrated a 3.3 fold and 1.8 fold increase in PHB concentration and 
productivity, respectively, as compared to batch cultivation. Repeated cultivation had 
also the benefit of avoiding non-productive time required for cleaning, refilling and 
 sterilization of bioreactor during batch, thereby increasing the overall volumetric produc-
tivity and industrial importance of the process.
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Introduction
Over the past years, synthetic plastics, such as 
polyethylene and polypropylene, have continuously 
been used in several industrial and commercial ap-
plications due to their low cost and excellent prop-
erties of durability, resistance and good processabil-
ity1. However, these synthetic plastics are extremely 
persistent in nature and accumulate in the environ-
ment, thereby leading to a serious problem of solid 
waste management. The use of petroleum-based 
plastics in packaging and other products has created 
a problem worldwide because of their non-biode-
gradable nature and sustained availability of limited 
global petroleum reserves2. The biotechnological 
production of polyhydroxyalkanoates (PHAs) poly-
mers from renewable resources provides a sustain-
able alternative to petroleum-derived plastics, and 
also reduces the dependency on rapidly disappear-
ing fossils fuels. PHAs are biodegradable, non-toxic, 
and their material properties are similar to petro-
chemically derived plastics3,4. Moreover, PHAs can 
be produced from renewable feedstock under nor-
mal temperature and pressure conditions, unlike the 
petrochemically derived plastics that are produced 
by fractional distillation of depleting fossil fuels 
with the consumption of a vast amount of energy. 
They have various potential applications particularly 
in newly emerging areas, such as tissue engineering, 
targeted drug delivery, and agricultural fields5,6.
In spite of all these advantages of PHAs com-
pared to synthetic plastics, the main bottleneck in 
the commercialization of PHAs is their significantly 
high cost of production7. It has been indicated that 
the production cost of any fermentation process can 
be substantially reduced by utilization of inexpen-
sive substrates and the optimization of fermentation 
process8–10. One of the major objectives during fer-
mentation process optimization is to enhance the 
product yield and productivity while minimizing 
the substrate limitation and inhibition problem 
during the cultivation. Fed-batch fermentation strat-
egy has been used by various researchers with an 
aim to maximize polyhydroxybutyrate PHB con-
centration and avoid substrate inhibitions and/or 
limitations at the same time11–14. However, the suc-
cess of such fed-batch strategy(ies) requires devel-
opment of an on-line monitoring and control system 
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for estimation of residual substrates and/or fresh nu-
trients addition. Several investigators have adopted 
single and multistage continuous cultivation ap-
proaches, and cell retention techniques to enhance 
the PHB productivity and concentrations15,16. How-
ever, these techniques have high risk of microbial 
contamination and cell growth on the reactor walls 
resulting in substantial financial loss. A simple and 
well-known cultivation strategy, which could be 
beneficial in enhancing PHB production is repeated- 
batch cultivation. The empty-and-fill protocol of 
repeated-batch cultivation could be extended for 
any number of cycles as compared to fed-batch 
strategies wherein productivity is limited by the 
working volume of bioreactor17.
Repeated-batch cultivation helps in increasing 
the longevity of the otherwise decaying culture in 
the bioreactor by supplementing fresh substrates 
during each feed cycle. The main advantages of re-
peated-batch cultivation are its ease of operation, 
enhancement of culture stability towards contami-
nation, minimization of pre-culture effects and 
maintenance of organism at high growth rates. 
Khanna and Srivastava (2005) investigated the use 
of one such cultivation strategy for the PHB pro-
duction by R. eutropha and demonstrated signifi-
cant improvement in process productivity after 67 h17. 
Because of its ease of operation and economical 
feasibility, this strategy has also been used for the 
production of other metabolites, such as xylitol 
from Candida guilliermondii18 and butyric acid 
from Clostridium tyrobutyricum19. In another study, 
Qi et al. (2015) demonstrated that the repeated cy-
cle mode could enhance the yield and volumetric 
productivity of D-arabitol fermentation process by 
Zygosaccharomyces rouxii20. Volumetric productivi-
ty of D-arabitol was enhanced from 0.86 g L–1 h–1 in 
batch to 1.143 g L–1 h–1 in repeated cycle mode, 
which was a total increment of 32.9 % after 72 h of 
fermentation. Thus, the performance of cyclic 
batches in terms of yield and productivity was bet-
ter than that of batch mode.
In the present study, the empty-and-fill strategy 
of cultivation was utilized for PHB production in 
7-L bioreactor, and a comparison with the batch 
mode fermentation was done to evaluate the perfor-
mance of repeated-batch in terms of PHB accumu-
lation and productivity. On the basis of encouraging 
results, it was concluded that this strategy can be 
further scaled up to pilot level for testing the tech-
no-economic feasibility of the process. For PHB 
production, Azohydromonas australica strain was 
employed because it can accumulate PHB up to 
80 % of cell dry mass (CDM) particularly in growth 
associated mode, and can grow easily on inexpen-
sive substrate, sucrose21,22. The developed process 
showed the amalgamation of high yielding strain, 
cheap substrate, and a simple time-saving cultiva-
tion strategy to increase the production of PHB.
Experimental
Microorganism
Azohydromonas australica DSM 1124 (earlier 
known as Alcaligenes latus) was obtained from 
German Collection of Microorganisms and Cell 
Cultures (DSMZ, Germany). The strain was main-
tained on nutrient agar slants and stored at 4 °C.
Growth medium and inoculum development
The growth of microorganism was carried out 
in a statistically optimized medium consisting of: 
25 g L–1 sucrose, 2.8 g L–1 (NH4)2SO4, 3.25 g L
–1 
KH2PO4, 3.25 g L
–1 Na2HPO4, 0.2 g L
–1 MgSO4, 
1.5 mL L–1 trace element solution9. Phosphates solu-
tion was autoclaved separately to avoid precipita-
tion during medium preparation, and trace element 
solution was filter sterilized using 0.22 µm pore 
size filter (Millipore, Ireland). For inoculum prepa-
ration, 50 mL sterile medium was taken in 250 mL 
flask wherein the pH of the medium was adjusted at 
7.0 using 2 N NaOH/HCl. The shake flasks were 
inoculated aseptically and then kept in the rotating 
shaker at 200 rpm and 33 ºC for 48 h for inoculum 
preparation. Before the operation of the bioreactor, 
the exponentially growing culture (5 % v/v) was 
further inoculated into 1-L flasks containing 200 mL 
optimized media and allowed to grow for 24 h until 
the log phase was achieved. The culture so obtained 
was then used as the inoculum.
Fermentation in a 7-L bioreactor
The batch and repeated-batch cultivation of the 
culture A. australica was carried out in a 7-L biore-
actor (Applikon Dependable Instruments, The Neth-
erlands) containing 4-L optimized nutrient medium 
(Fig. 1). The bioreactor was equipped with two con-
ventional flat blade turbine impellers and three baf-
fles. Air sparging was done from the bottom of the 
reactor using an L-shaped stainless steel sparger. 
The temperature was controlled at 33 ºC by circu-
lating water from the chilled water unit (Julabo 
FP50, Germany). Culture pH was controlled at 7.0 
by automatic addition of 2 N NaOH/2 N HCl. The 
dissolved oxygen concentration in the bioreactor 
was measured using an in situ Applisens dissolved 
oxygen probe (Applikon Dependable Instruments, 
The Netherlands). Samples were analyzed at regular 
intervals of 3 h. Repeated-batch cultivation was ini-
tiated as batch using statistically optimized media. 
When sucrose concentration inside the bioreactor 
had depleted to a limiting concentration (below 8 
g L–1), the batch cultivation was converted to nutri-
ent feed cycle mode wherein 20 % (v/v) culture 
broth was removed from the reactor and refilled 
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with an equal volume of fresh medium (having the 
same recipe as used in start up of batch cultivation). 
Three cycles of repeated-batch cultivation were ex-
ecuted in a similar manner.
Analytical methods
Optical density of culture broth was measured 
at 600 nm against a medium blank using spectro-
photometer (OPTIZEN model 3220UV, Mecasys, 
Korea). Total biomass was measured from a plot of 
OD600 nm vs. CDM (g L
–1) correlation. The correla-
tion factor was calculated from slope of the plot and 
1 g L–1 CDM correlated to 2.476 OD. PHB content 
inside the cells was analyzed by gas chromatogra-
phy (GC 2010 Shimadzu Co., Japan), and benzoic 
acid was used as an internal standard23. Residual su-
crose concentration was determined by the Di-Nitro 
Salicylic acid (DNS) method24. The total nitrogen 
assay was done by measuring the residual ammonia 
in cell-free supernatant using Kjeldahl method25.
PHB determination by gas chromatography
For determination of PHB, 40 mg of dried cells 
were was dissolved by heating in 10 mL of 1,2-di-
chloroethane (DCE). After cooling to room tem-
perature, 2 mL of DCE, 2 mL of acidified propanol 
(1:-4:: hydrochloric acid:-propanol) and 200 µL 
of benzoic acid (40 g L–1 benzoic acid prepared 
in propanol) was then added. The bottles were 
sealed with rubber seals/aluminium caps and 
crimped. The bottles were then kept in an oven at 
100 °C for 2 h. PHB was thus depolymerized and 
transesterified into propyl ester of hydroxybutyric 
acid (HBA) using acidified propanol. After cooling 
to room temperature, 4 mL of distilled water was 
then added and the mixture was shaken for 20–30 
seconds. The heavier phase (DCE-propanol) was in-
jected into the gas chromatograph column. The car-
rier gas (nitrogen) flow rate and the initial oven 
temperature were 1.5 mL min–1 and 110 °C, respec-
tively. The injection port temperature was 160 °C 
and the detector (Flame-Ionization) temperature 
was 170 °C. The areas of ester of HBA and ester of 
benzoic acid obtained from the GC graph were used 
to calculate the amount of PHB produced23.
Results and discussion
Batch cultivation
Fig. 2a demonstrates the time course of batch 
cultivation of A. australica for PHB production in 
the 7-L bioreactor. During batch cultivation, the 
culture exhibited an initial lag phase of around 3 h, 
after which it started to grow exponentially. The 
synthesis of PHB also started simultaneously after 
lag phase (3 h) because of growth-associated PHB 
accumulation in A. australica. Batch fermentation 
featured accumulation of 8.71 g L–1 CDM and 
6.24 g L–1 PHB concentration in 36 h of cultivation 
period, thereby resulting in a maximum PHB pro-
ductivity of 0.17 g L–1 h–1. The culture reached sta-
tionary phase after 36 h. It was important to estab-
lish the batch growth and product kinetics in the 
7-L bioreactor under controlled environmental con-
ditions as this would yield the basic kinetic param-
eters that could then be compared with repeated- 
batch for optimal product formation. Previously, 
Zafar et al. (2012) investigated the use of A. lata 
MTCC 2311 for batch PHB production using genet-
ic algorithm approach based on artificial neural net-
work26. A maximum CDM concentration of 10.56 
g L–1 and PHB concentration of 5.1 g L–1 was ob-
tained using 35.2 g L–1 sucrose with an overall PHB 
content of 48 % of CDM. Thus, the overall PHB 
content and productivity were very low as com-
pared to the present study.
Repeated cultivation strategy
On other hand, repeated-batch cultivation is a 
simple, well-known strategy, which offers several 
operational advantages over batch and conventional 
fed-batch cultivation to obtain significantly high 
cell growth, PHB concentration, and productivity. 
F i g .  1  – Complete experimental set up of (a) batch cultivation (b) repeated-batch 
 cultivation in the 7-L bioreactor (Applikon Dependable Instrument, The Netherlands)
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The time course of repeated-batch cultivation of A. 
australica involving three cycles of culture with-
drawal and fresh nutrients addition is depicted in 
Fig. 2b. During repeated-batch cultivation, 20 % 
(v/v) culture broth was removed from the reactor 
and supplemented with an equal volume of fresh 
medium at each cycle, which was initiated at 27 h, 
48 h and 60 h when the residual sucrose concentra-
tion in the fermentation medium had dropped below 
8 g L–1. The time of broth removal and subsequent 
refilling of fresh medium (having the same recipe 
as used in batch cultivation) was calculated based 
on off-line residual sucrose analysis by the DNS 
method.
The first cycle of fresh nutrients addition was 
attempted at 27 h because of low availability of 
substrate concentration (below 8 g L–1) inside the 
bioreactor at that time. Upon nutrients addition, a 
slight decrease in cell concentration was observed 
primarily because of dilution of the culture broth by 
the fresh medium addition; however, it increased 
again after a certain time due to heavy inoculum 
ratio (80 % v/v) available inside the bioreactor. This 
cycle was continued until the sucrose concentration 
in the fermentation medium had again dropped be-
low 8 g L–1 (till 48 h). At 48 h, a second cycle of 
broth removal and subsequent refilling with fresh 
medium was attempted. It was observed that the 
culture continuously maintained its metabolic activ-
ities and continued to produce PHB even after 2 cy-
cles of empty-and-fill protocol strategy. At the end 
of the second cycle (at 60 h), a significantly high 
CDM and PHB concentration of 24.95 g L–1 and 
18.79 g L–1 was obtained. The empty-and-fill strate-
gy of repeated-batch helped in maintaining high 
growth and substrate consumption rates during cy-
F i g .  2  – (a) Batch kinetics of cell growth, nutrient consumption, and PHB production 
for A. australica in the 7-L bioreactor (b) repeated-batch cultivation kinetics of A. aus-
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cles 1 and 2, respectively (as shown in Table 1). 
Table 1 demonstrates the dynamic rates of CDM (X) 
accumulation, substrates: sucrose (S1) and nitrogen 
(S2) consumptions, and product (P) formation 
during different phases of cultivation. A significant 
drop in CDM synthesis, substrates consumption, 
and PHB production rates was obtained towards the 
end of batch cycle (24 h). Initiation of fresh nutri-
ents feeding at 27 h and 48 h promoted further 
growth and PHB production by A. australica. This 
was clearly noticeable by increase in sucrose con-
sumption rates, resulting in high cell concentration 
and PHB formation rates.
Based on these motivating results obtained in 
earlier cycles, it was decided to attempt yet another 
cycle (third cycle) to assess any further increase in 
PHB production upon fresh medium addition. At 
60 h, a third cycle of repeated-batch was initiated in 
a similar manner as mentioned previously for the 
two cycles. It was concluded that the increase in 
CDM and PHB concentration during this cycle was 
not very significant, unlike in the previous cycles, 
and the fermentation stopped at 69 h. This cyclic 
strategy yielded an overall PHB productivity of 
0.29 g L–1 h–1. During repeated-batch operation, a 
final CDM and PHB concentration of 27.89 g L–1 
and 20.55 g L–1, respectively, was obtained in 69 h. 
On the other hand, three cycles of culture removal 
and fresh nutrients addition at 27 h, 48 h and 60 h 
resulted in 1.8-fold and 3.3-fold increase in PHB 
productivity and concentrations, respectively, as 
compared to batch cultivation (8.71 g L–1 CDM and 
6.24 g L–1 PHB) (Fig. 2a). Batch cultivations are 
usually associated with the limitation of essential 
nutrients (sucrose and nitrogen both) during the 
course of fermentation, particularly at the times 
when cells are in the exponentially growing stage. 
This may affect the growth of the culture or may 
lead to complete killing of the cells. Besides, batch 
experiments cannot be initiated with a very high 
concentration of substrates in the feed medium as it 
might lead to typical substrate inhibition phenome-
non. In such a case, repeated-batch cultivation could 
be a better solution which ensures slow feeding of 
substrate and adequate nutrient availability during 
the entire cultivation, while avoiding any inhibition 
problem arising from over-feeding of the substrates. 
Table 2 shows the growth and product kinetic pa-
rameters of A. australica obtained during repeat-
ed-batch. A maximum PHB yield (YP/S) and produc-
tivity of 0.39 g g–1 and 0.31 g L–1 h–1, respectively, 
were obtained at 48 h. At the end of fermentation, 
the CDM yield (YX/S) and PHB yield (YP/S) on 
sucrose were observed to be 0.39 g g–1 and 
0.30 g PHB g–1 sucrose, respectively, and total PHB 
content was 74 % of CDM.
Comparative account with literature
It was concluded that only a slight extension of 
normal batch cultivation already continuing in the 
bioreactor could lead to improvement in PHB con-
centration and productivity in minimum time with 
less pre-culture preparation. Moreover, by conver-
sion of batch cultivation into cyclic mode (empty-
and-fill protocol), the non-productive time of clean-
ing, filling and sterilization of the bioreactor for the 
initiation of fresh batch cultivation could be com-
pletely eliminated. To the best of our knowledge, to 
date, there has been only one report on repeat-
ed-batch fermentation of PHB production by A. 
australica27 (Table 3). However, the PHB concen-
tration and productivity obtained in their study were 
very low even after four cycles of repeated cultiva-
Ta b l e  1  – Dynamic rates of A. australica fermentation during 
empty and fill cultivation strategy
Time (h) dX/dt dS1/dt dS2/dt dP/dt
12 0.3924 –0.3931 –0.00787 0.1611
24 0.2138 –0.2781 –0.00709 0.1782
27 0.2832 –1.5452 –0.00887 0.0909
36 0.5212 –0.7933 –0.00631 0.2381
48 0.4305 –1.4485 –0.00686 0.1858
60 0.2344 –0.9174 –0.00576 0.1040
dY/dt – dynamic rates; where Y represents process variables: 
X- CDM, S1-sucrose, S2-nitrogen, P-PHB






















1 27 8.52 5.84 6.95 0.20 68 0.32 0.47 4.30
2 48 18.43 15.10 5.90 0.31 82 0.59 0.69 9.52
3 60 24.90 18.79 6.82 0.29 76 0.40 0.71 10.26
4 69 27.89 20.55 2.82 0.30 73 0.16 0.28 5.98
* QP – PHB productivity; YP/S – PHB yield on sucrose; YX/S – CDM yield on sucrose; PHAC – PHB content; YX/N – CDM yield on 
ammonium sulfate (nitrogen source)
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tion. This report featured the removal of 10 % (v/v) 
of the culture broth as the next seed inoculum and 
subsequent addition into fresh medium. This proce-
dure was repeated for four cycles, CDM and PHB 
concentrations were increased as compared to the 
batch fermentation. During repeated-batch process, 
a maximum PHB concentration and productivity of 
3.1 g L–1 and 0.21 g L–1 h–1, respectively, were ob-
tained. There was a 2.33-fold and 1.4-fold increase 
in PHB productivity and concentrations, respective-
ly, as compared to batch cultivation. None of the 
earlier reports on repeated-batch cultivation had 
achieved high PHB concentration and productivity 
by A. australica. Ibrahim and Steinbuchel (2010) 
had also investigated the use of repeated-batch cul-
tivation with cell recycle for PHB production13. Dif-
ferent fermentation strategies were attempted for 
the cultivation of a new PHB-accumulating thermo-
philic bacterium, Chelatococcus sp. MW10, with 
the objective of achieving high biomass growth and 
PHB productivity. Enhanced PHB production was 
achieved only with the repeated-batch fermentation 
or repeated-batch technique (42-L scale). Three cy-
cles of culture withdrawal and subsequent refilling 
with fresh substrates resulted in a high cell density 
concentration of 115 g L–1, PHB content of 11.8 %, 
and 13.6 g L–1 of PHB at the end of the cultivation 
(265 h). Table 3 shows the comparison of the pres-
ent cultivation strategy with other literature reports 
on PHB production using A. australica and similar 
strains.
Conclusion
A simple empty and fill protocol strategy of re-
peated-batch was followed in the present study for 
enhancement in PHB concentration and productivi-
ty by A. australica. Three cycles of culture broth 
removal and subsequent refilling with fresh medi-
um at 27 h, 48 h and 60 h, resulted in a maximum 
PHB concentration of 20.55 g L–1 with an overall 
productivity of 0.29 g L–1 h–1. The present work 
demonstrated 3.3 fold and 1.8 fold increases in PHB 
concentration and productivity, respectively, over 
batch cultivation. The developed cultivation strate-
gy can be transferred to large-scale level to check 
the techno-economic feasibility of the process, 
which will be the topic of our future investigation.
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